This article is focused on the analysis of the use of distributed fibre-optic technology for security monitoring of road tunnel and motorway tunnel structural load. The authors focused on the measurements of deformation utilizing Brillouin Time Domain Reflectometry (BOTDR). The principle is based on the measurement of stimulated Brillouin scattering. The article describes and analyses real measurements within a period of 5 months, which were carried out during the tunnelling and the whole process of building a new tunnel inŽilina, Slovakia. The performed experimental measurements were carried out using a standard optic telecommunication cable with water-absorbing aramid yarns and a jacket with a diameter of 4.2 mm. The contribution of this article lies in the introductory analysis of the implementation and use of the fibre-optic technology for security monitoring of road tunnel and motorway tunnel structural load.
Introduction
The construction of tunnels is closely related to ground movement monitoring. Currently, standard geodetic methods, stringed and piezoelectric sensors are used for geotechnical monitoring [1] [2] [3] [4] [5] [6] . Monitoring of underground workings can be basically divided into underground monitoring on the site of construction and surface monitoring. The objectives of the monitoring are based on the basic hypotheses for system transformation of "rock environment -the support of the underground workings" [7, 8] . By building the underground workings, the primary balance is broken leading to the redistribution of stress, and the concentration of stress behind the excavation reaches a value that is several times higher than the primary stress. The change in the stress take place simultaneously with deformation signs, there are radial movements into the centre of the construction, an extrusion may also occur (the face bulge to the excavation). Behind the contour of the workings, an area of plastic deformation occurs, causing increased pressure on the support of the workings. The construction of the underground workings, especially in the case of shallow tunnelling, has negative effects on the surface too -settlement troughs emerge and their extent and nature influence the degree of negative effects of tunnelling on the surface (settlement, holes in objects, disruptions to the system of ground water, etc) [9] [10] [11] [12] . The main objective of the monitoring lies in the verification of the project assumptions; the application of the observational method of the tunnel construction when the project is modified on the basis of the evaluation of geotechnical monitoring measurements, and also in ensuring safety during the construction process and minimizing the negative effects of the construction. Geotechnical monitoring therefore must be an integral part of all tunnelling methods, and its core objective is to achieve an optimum synergy of the rock mass and the support. Theoretically, these parameters of this optimum synergy of the rock mass with the tunnel support are given by an operating spot defined from Fenner-Pacher curve (the operation deformation features of rock mass and the support). The optimum value of the part of radial deformation of the rock mass, which takes place before the installation of the support itself, can significantly lower the load that is applied to the support. When the installation of the support takes too long, a rapid deformation of the excavation can take place, which can lead to the collapse of the whole stope [13] [14] [15] [16] [17] . One of the possible ways of extending the classic method of monitoring the load of tunnels is with optical fibres.
With the development of optical fibres, current conventional sensors are slowly being replaced by fibre-optic sensors. In the current installation, fibre Bragg grating sensors (FBG) or distributed sensors based on Brillouin scattering (BOTDR) are increasingly utilized for building construction monitoring [18] . Fibre Bragg gratings are implemented together with anchoring bars that serve for the reinforcement of rock bodies. This approach is used to monitor the stress and deformation levels in the anchors, and it enables warning of rock mass movement and its failures [19] [20] [21] [22] [23] . FBG are also used for the measurement of deformation in the secondary lining of tunnels [24] [25] [26] [27] where quasi-distributed measurement with the help of multiplex techniques can be used [28, 29] . The systems based on Brillouin scattering are beneficial with regard to the distribution of deformations along the whole optical fibre. Special optical cables with close binding of the optical fibre to the cover materials of the optical fibre are used for such purposes. Recent studies show that standard optical fibres can also be used for specific applications [30] [31] [32] . In tunnelling, BOTDR distributed systems are most often used for the measurement of tunnel lining deformation. For this use, the opening of the joints between individual segments of tunnel lining is examined the most during the excavation of tunnels [33] [34] [35] . Moreover, these systems are used for the monitoring of sprayed concrete lining and rock movements [36] [37] [38] [39] [40] . The advantage of the system based on Brillouin scattering is that it can cover an area of measurement that is several times larger because the used fibre serves as a sensor, on the contrary to the system with FBG sensors.
Methods

Brillouin Optical Time Domain Reflectometer
This method (BOTDR) is an optical method for distributed monitoring of deformation and temperature along the optical fibre. Distributed temperature and strain system (DSTS) is a device that allows the analysis of temperature or deformation effects on optical fibres with a spatial resolution of 1 m. The general principle of measurement with this system is based on the phenomenon called stimulated Brillouin scattering. Stimulated Brillouin scattering in the optical fibre is a nonlinear phenomenon caused by the interaction of monochromatic light (pump signal) and acoustic waves. The acoustic field in the optical fibre can arise by the spontaneous thermal motion of particles in the optical fibre. This acoustic field propagates with the speed of sound v A defined by
where K is the bulk modulus of compressibility and ρ is the density of the material determined by the magnitude of temperature and strain acting on the used optical fiber. This propagated acoustic field periodically modulates the refractive index of the fibre. The light passing through the fibre is scattered, and the scattering light has a frequency shift compared with the incident light, which is the called Brillouin frequency shift v B . The Brillouin scattering produces components called Stokes and Anti-Stokes components ( The Brillouin frequency shift is linearly dependent on the temperature and deformation by the equation
where v B (T, ε) represents the Brillouin frequency shift at a temperature T with an axis strain ε, v(T, 0) represents the Brillouin frequency shift at the temperature T 0 without axis strain, and C ε and C T are the coefficients of temperature and axis strain, respectively. For standard single mode optical fibers, ε is 0.5 GHz/% and
3 Experimental setup
Description of the highway tunnel
The practical part of this article focuses on the analysis of highway tunnel monitoring using an optical fibre implemented into the primary lining. The implementation of the optical cable was performed during the excavation of the new one-way highway tunnel inŽilina (Slovakia) that is 867 m long. Above the tunnel is unstable agricultural land, forests and meadows, with an overburden height ranging from 5 to 40 m. Significantly disturbed rock mass that is mainly composed of claystone and clayey soil indicates issues related to the progress of the excavation. The intervention in the stressed condition of the degraded rock mass leads to a large increase in deformation that causes the creation of eased areas around the stope or the face of the tunnel. Due to an unstable overburden of the tunnel, the primary requirement of the company Metrostav, which carried out the construction, was to monitor the development of the change of the load over time. The tunnel is excavated using the New Austrian Tunnelling Method (NATM), also known as the sequential excavation method (SEM). This is a popular method of modern tunnel design and construction. When using this method, the entire profile of the tunnel tube is not excavated at once, the excavation takes place one section at a time. Thanks to this process, the bearing function of the rock mass can also be used. An integral part of the excavation process using the New Austrian Tunnelling Method is a geotechnical monitoring, which allows time optimization during the installation of the tunnel lining. The tunnel lining consists of two parts, namely the primary and secondary lining, see Fig. 2(a) , detail of wall, see Fig. 2(b) . The primary lining is built right after the excavation works. A grating and a braced girder is installed in the intrados of the stope. This part is reinforced by sprayed concrete. The primary lining with a thickness of 200 to 400 mm provides temporary stability of the entire stope. The secondary lining, which is usually a ferro-concrete shell, rarely a shell from concrete itself and quite often with the use of the so-called tubbings (pre-fabricated components), is built as a final lining of the underground working Between the primary and the secondary lining, a waterproofing spacer is inserted, which protects the secondary lining from water activity for the whole life of the working.
The optical fibre
A special type of optical cable labelled as OFS Accudry Flex+ ZWP BIF G.657.A2 was used for the distributed measurement. The optical cable consists of a standard telecommunication single-mode optical fibre in a primary acrylate cover, a secondary cover of 900 µm, aramid yarn with an outer cover that is 3 mm thick. The cable was chosen for its properties that are suitable for installation or placing into concrete for the purpose of measuring the deformation affecting the given monitored area, and for its price, which is in the range of several euros (up to 10) per meter. The optical fibre was placed on two iron bars of the braced girder of the tunnel, which became a part of the primary lining after being sprayed with concrete. A model of the optical fibre implementation on the iron bars of the braced girder can be seen on Fig. 3(a) , the practical implementation is shown in Fig. 3(b) (red indicates the placement of the cable). The optical cable was installed in place A and along the construction, and the iron bars of the iron support in place E and back, see Fig. 4 . The cable was a twin cable which ensured the redundancy of the measurement (measurement channel 1 and measurement channel 2.
The installation into the primary lining was performed on January 14, 2017, at a distance of 350 m from the entrance to the tunnel. The optical cable was taken out of the primary lining at an approximate height of 2 m and placed in a distribution box. The curve of the primary lining (between place A and E) is 19.287 m long. Spot A stands for the place of the entrance of the optical cable into the primary lining. The optical cable is routed in the primary lining to spot E, where it is directed back to spot A and taken out of the primary lining. The distances from spot A to spots B, C, D, E and back in the direction of spots D', C', B' and A' are summarized in Tab. 1 in the 'Distance of primary lining (m)' column. The 'Distance of optical cable (m)' column defines the length of the optical cable to the given spots, because the lead-in cable from the measuring DSTS system to spot A was 9.893 m. These distances should help give a clear overview of the measurements shown in the next chapter.
Results
The optical cable was implemented on January 14, 2017 in the braced girder using strapping tapes. The longtime measurement in the tunnel took place over 6 days during a period of 5 months, see Tab. 2. Each day for the measurement was chosen depending on the accessibility of the tunnel. On each day of the measurement, 25 measurements for each channel were performed and the results were averaged for subsequent processing. Consequently, the effect of the temperature in Brillouin frequencies was deducted based on the temperature measurement using referential temperature sensors that are installed in the primary lining along the measuring optical cable. Each averaged measurement from five days of the measurement is shown in Fig. 5(a) for the first channel and Fig. 5(b) for the second channel. The part of the route from A to E was intentionally more tensed during the implementation of the optical fibre than the return part of the route from E to A'. The idea behind this approach was to verify whether the tension of the optical fibre influences the sensitivity of the DSTS measurement system.
The figures show the absolute values of Brillouin frequency from the two channels of the optical cable in the primary lining of the tunnel. An increase in Brillouin frequency (the part of the route from A to E) is evident on both channels, and it is caused by the tension of the optical cable that was implemented on the braced girder. The effect of the tension could be eliminated by performing a referential measurement of Brillouin frequency before the primary lining was sprayed; this would define how significant the effect of concrete setting in the primary lining is.
Due to time constraints (the progress of works during the excavation by Metrostav did not allow any time interval for referential measurement), the introductory referential measurement with DSTS before spraying the primary lining was not performed. Moreover, due to the unstable overburden of the tunnel, the main requirement of Metrostav was to determine the changes of load (the changes of Brillouin frequency) of the tunnel over time, whether there is an increase in pressure on the primary lining or the load of the primary lining is stable. Although the referential measurement did not take place, it is possible to track the required changes of Brillouin frequency in relation to the first day of the measurement. This monitoring has been in progress for six months, and it will continue until the end of 2017, ie for the entire duration of the construction works. This article analyzes the data from the first six months of the measurements in 2017.
Regarding the load of the primary lining, information about changes in the load of the monitored part during the construction works is vital. Figure 6 shows the changes of Brillouin frequency. The individual curves show the change of Brillouin frequency in relation to the first measurement that took place 4 days after the implementation of the optical cable into the primary lining. In the first measuring cycle on February 3, 2017, there is an obvious decrease of Brillouin frequency that is caused by the cooling of the concrete after an increased temperature caused by the hydration of the concrete (-20 MHz). The following decrease may be due to the combination of the temperature drop to the level of the surrounding rock mass temperature, and by the shrinkage of concrete. Subsequently, the initial distorting effects are stabilized. The last two measurements do not show any significant changes that can tell us the surrounding rock was relatively at rest, but we need to take into consideration the fact that the movement of rock mass is a longterm matter. The following measurements will monitor other possible changes in the load of the primary lining.
Conclusion
This article describes the use of the Distributed Fiber Optical System (DSTS) based on the Brillouin Time Domain Reflectometry (BOTDR) for the analysis and safety monitoring of the structural loads of road and motorway tunnels. The measurement principle is based on the measurement and analysis of stimulated Brillouin scattering. The article describes the long-term real experimental measurement of tunnel load which was carried out during the construction of a motorway tunnel in Slovakia. The measurement was carried out over a period of several months. The experimental measurements were carried out with a standard optical telecommunication cable with water-absorbing aramid yarns and a jacket with a 4.2 mm diameter.
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